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Structural chirality plays an important role in solid state physics and leads to a variety of novel
physics. The feasibility of probing structural chirality of crystals using high harmonic generation in
solids is explored in this work. Through first-principles calculations based on the time-dependent
density functional theory framework, we demonstrate that evident circular dichroism (CD) effects
can be induced in the high harmonic spectra from a chiral crystal — bulk tellurium. The CD signal
reverses for crystals with opposite structural chirality. Besides, the high harmonic spectroscopy also
provides an all-optical method for probing lattice symmetry properties and determining orientation
of the tellurium crystal.
I. INTRODUCTION
Chirality is a property of asymmetry in matter which
can exist at every length scale and play an important role
in various branches of science[1]. An object is chiral if it
cannot be superposed onto its mirror image, with human
hands as one of the examples. The characterization of
chirality has been the subject of intensive studies.
Several chiral-sensitive spectroscopy techniques utiliz-
ing interaction with circularly polarized light have been
developed for discrimination of chiral molecules. For in-
stance, circular dichroism (CD) of photoabsorption spec-
troscopy in the condensed phase[2] and photoelectron
circular dichroism (PECD) in the gas phase[3, 4] are
widely used for detecting chiral chemical and biological
molecules. Besides, nonlinear optical processes in the
perturbative regime have been explored to probe chi-
rality in solution and on surfaces[5]. Recently, nonper-
turbative high harmonic generation (HHG) from chiral
gas molecules has also been demonstrated to be chirality
sensitive[6–11], thus providing an attractive approach to
detect chiral structures and resolve ultrafast chiral dy-
namics in the gas phase.
Chirality also plays a critical role in solid state physics.
Out of the 230 space groups for non-magnetic ma-
terials, 65 space groups represent structurally chiral
crystals[12]. Structurally chirality can lead to a vari-
ety of novel physics such as multiferroicity[13], mag-
netochiral dichroism[2], skyrmions[14], current-induced
magnetizations[15], circular photogalvanic effect[16], and
universal topological electronic properties[17, 18]. Thus
it is of great interest to detect and characterize the struc-
tural chirality embedded in crystals.
The recent advent of HHG in solids[19, 20] has opened
up exciting opportunities for not only the development
of novel solid-state extreme-ultraviolet and attosecond
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photonics with bulk[21–25] or at nanoscale[26–36], but
also the investigation of strong-field and ultrafast dy-
namics in the condensed phase using the high harmonic
spectroscopy[37–40]. Substantial progress has been re-
ported, such as the demonstration of probing atomic-
scale crystal structure[41], reconstructing electronic band
structure[42, 43], measuring Berry curvature[44], char-
acterizing complex ultrafast many-body dynamics in
strongly-correlated systems[45], and revealing strong-
field physics in topological systems[46, 47]. Like its coun-
terpart in chiral gas harmonics, chiral HHG in solids may
also be useful in revealing chiral structures and dynamics
in the condensed phase.
In this work, we extends the chiral high harmonic
spectroscopy to solids. The feasibility of probing struc-
tural chirality of crystals using HHG in solids is explored.
Through first-principles calculations based on the time-
dependent density functional theory (TDDFT) frame-
work, we demonstrate that considerable CD signals in
the HHG spectra can be induced when a crystal with
chiral lattice interacts with circularly polarized light. In
addition, the high harmonic spectroscopy also provides
an optical method to probe lattice symmetry properties
and determine orientation of the crystal.
II. CRYSTAL STRUCTURE
We choose the simplest material with a chiral struc-
ture, i.e., elemental tellurium, to study the structural
chirality in crystals. Tellurium has a trigonal crystal
structure with three atoms in the unit cell. The unique
structure consists of helical chains arranged in a hexag-
onal array spiraling around axes parallel to the z-axis
([0001] direction) at the corners and center of the hexago-
nal elementary cell, as shown in Fig. 1. Depending on the
screw direction of the helical chains, there are two enan-
tiomorphic crystal structures with space groups P3221
(#154 left-handed) and P3121 (#152 right-handed)[48].
Each tellurium atom is covalently bonded with its two
nearest neighbors on the same chain, while forms weak
2FIG. 1. Crystal structure of bulk tellurium with space groups
(a) P3221 (#154 left-handed) and (b) P3121 (#152 right-
handed). Helical tellurium atomic chains arranged in a hexag-
onal array spiraling around axes parallel to the z-axis. The
screw structure of the atoms along the spiral axis for each
space group is in the opposite direction.
van der Waals-like interchain bonds with its four next
nearest neighbors. Thus there exists inherent structural
anisotropy in the tellurium crystal[49].
III. COMPUTATIONAL METHOD
The geometric structure of tellurium crystal is relaxed
by using the CASTEP package[50] within the density
functional theory framework. The ultrasoft pseudopo-
tentials are used in the calculations, and the plane-wave
cutoff energy is set to be 210 eV. The generalized gra-
dient approximation (GGA) of the PBE form[51] is em-
ployed for the exchange-correlation functional, and van
der Waals interaction correction is considered by using
the Tkatchenko and Scheffler method[52].
Time evolution of the wave functions and time-
dependent electronic current are studied by using the
OCTOPUS package[53], where the Kohn-Sham equations
are propagated in real time and real space within the
TDDFT framework in the adiabatic local density approx-
imation. We have also tested using a different exchange-
correlation functional, i.e., adiabatic GGA (PBE), with
pseudopotentials given by Ref.[54], which gives similar
results. In all the calculations, the real-space spacing is
0.4 Bohr. The fully relativistic Hartwigsen, Goedecker,
and Hutter pseudopotentials are used. A 24 × 24 × 16
Monkhorst-Pack k-point mesh is used for Brillouin zone
sampling.
The laser field is described in the velocity gauge. The
vector potential of the circularly polarized laser has the
following form:
A(t) =
√
I0c
ω
f(t)
[cos(ωt+ φ)√
1 + ǫ2
eˆi+
ǫ sin(ωt+ φ)√
1 + ǫ2
eˆj
]
, (1)
where I0 = 8 × 1011 W/cm2 is the laser peak inten-
sity in vacuum, f(t) = sin2(πt/2τ) is the sin-squared
pulse envelope with τ = 20 fs, ω is the laser photon
frequency, φ is the carrier-envelop phase, ǫ is the laser
ellipticity, c is the light speed in vacuum, eˆi and eˆj with
(i, j) ∈ {(x, y), (x, z), (y, z)} are the unit vectors, respec-
tively. We use Ti:sapphire laser pulses with wavelength
of λL = 800 nm, corresponding to ω = 1.55 eV. The
carrier-envelope phase is taken to be φ = 0. Left-handed
circularly polarized (LCP) and right-handed circularly
polarized (RCP) laser pulses are considered in this work,
corresponding to ǫ = −1 and ǫ = 1, respectively.
The HHG spectrum is calculated from the time-
dependent electronic current j(r, t) as:
HHG(ω) =
∣∣∣FT
( ∂
∂t
∫
j(r, t) d3r
)∣∣∣2, (2)
where FT denotes the Fourier transform.
The total number of excited electrons is calculated by
projecting the time-dependent Kohn-Sham states onto
the ground-state Kohn-Sham states. As the n-th state
evolves in time, it has some possibility to transit to other
states and thus contains other ground-state components.
The total number of excited electronsNex(t) is calculated
as:
Nex(t) = Ne −
∫
BZ
occ∑
n,m
fn,k|〈φn,k(t)|φm,k(0)〉|2dk (3)
where Ne is the total number of electrons in the system,
φn,k(t) is the time-dependent Kohn-Sham state at n-th
band at k-point k, φm,k(0) is the ground-state (t = 0)
Kohn-Sham state at m-th band at k-point k, fn,k is the
occupation of Kohn-Sham state at n-th band at k-point
k, and BZ denotes integration over the whole Brillouin
zone.
IV. CRYSTALLINE SYMMETRIES
The top view (in the x-y plane) of the crystal struc-
ture of bulk tellurium with the space group P3121 (right
handed) is shown in Fig. 2(a), while the side views in
the x-z and y-z planes are shown in Fig. 2(b)-2(c),
respectively. In a serials of simulations, we use LCP
or RCP laser pulse propagating along the z-, y-, or x-
directions, i.e., with laser field components in the x-
y, x-z, or y-z planes. The in-plane HHG spectra are
shown in Figs. 2(d)-2(f), corresponding to Figs. 2(a)-
2(c), respectively. Different features of appearing har-
monic orders are observed, which reflect different crys-
talline symmetries in each plane. In the x-y plane, the
crystal structure exhibits a three-fold rotational sym-
metry (Fig. 2(a)). Since the circularly polarized laser
field can be assumed isotropic in the x-y polarization
plane, the laser-crystal interaction system thus possesses
a three-fold rotational symmetry in this plane. For such
a system, the harmonic order nH obeys a simple selec-
tion rule of nH = 3m ± 1 (m ∈ N), i.e., every third
harmonic is suppressed[29, 55, 56]. The corresponding
harmonic spectra shown in Fig. 2(d) agree well with this
selection rule. In the x-z plane, the crystal structure
3FIG. 2. Orientation-dependent high harmonic generation in the tellurium crystal with the P3121 space group. (a-c) Crystal
structures in the x-y plane (panel a; top view), x-z plane (panel b; side view), and y-z plane (panel c; side view). (d-f) High
harmonic spectra for different crystal orientations corresponding to (a-c), respectively. For each crystal orientation, circularly
polarized lasers of opposite handedness are incident onto the crystal under normal incidence. LCP and RCP denote the recorded
high harmonics driven by left- and right-handed circularly polarized laser pulses, respectively. The presence of harmonic orders
reflects the crystalline symmetries in each plane. The laser wavelength is 800 nm and intensity is 8× 1011 W/cm2.
lacks a inversion symmetry (Fig. 2(b)). As a result, both
odd and even harmonics are present in the correspond-
ing harmonic spectra (Fig. 2(e)). In contrast, the pro-
jected crystal structure in the y-z plane is centrosym-
metric (Fig. 2(c)). Consequently, only odd harmonics
can be observed in the spectra (Fig. 2(f)). Therefore,
the feature of allowed harmonic orders of the HHG spec-
tra can be employed to determine the lattice symmetry
and crystal orientation of bulk-tellurium.
V. STRUCTURAL CHIRALITY
Apart from the harmonic orders, another important
characteristic of the HHG spectra shown in Figs. 2(d)-
2(f) is the different harmonic-intensity response to the
LCP and RCP lasers for different crystal orientations and
related lattice structures. While the LCP and RCP laser-
driving HHG intensity show no difference in Figs. 2(d)-
2(e), appreciable CD effect over a broad range of har-
monic orders can be observed in the HHG spectra shown
in Fig. 2(f). This CD effect can also be seen clearly from
the time evolution of the excited electron numbers and
total electronic currents. For the case of x-y plane, either
the number of excited electrons (Fig. 3(a)) or the total
currents (Figs. 3(b-c)) shows no difference between LCP
and RCP laser pumps. In comparison, for the case of y-z
plane, the dynamics of carrier excitation to the conduc-
tion bands during the laser pulse show different responses
to LCP and RCP driving lasers in both excitation am-
plitude and phases (Fig. 3(d)). This means interacting
with such a crystal structure (Fig. 2(c)) lasers of oppo-
site handedness can have different dynamic absorption
and ionization probabilities. While the CD effect on the
excitation response is small, a pronounced difference can
be seen in the total current (Figs. 3(e-f)).
The CD effect can be explained by the crystal’s struc-
tural chirality-induced chiroptical response. Mathemat-
ically, a figure is said to have chirality if it cannot be
mapped to its mirror image by (proper) rotations and
translations alone. As a result, a chiral figure cannot
posses an axis of symmetry in 2D. Based on this crite-
rion, it is easy to see that the crystal structures in the
x-y and x-z planes (Figs. 2(a)-2(b)) are achiral, while the
crystal structure in the y-z plane (Fig. 2(c)) indeed posses
chirality. As circularly polarized lasers are chiral objects
exhibiting optical chirality, in their interaction with an-
other chiral object, i.e., the chiral crystal, LCP and RCP
laser-induced HHG response become distinguishable.
In the velocity gauge, the general Hamiltonian can be
written as Hˆ =
∑
j
[
(pj +Aj)
2/2 + Vj
]
+W , where pj =
−i∇ is the canonical momentum operator for the j-th
electron, A is the (chiral) electromagnetic field vector
potential, V is the (chiral) Coulomb scalar potential, and
W is the interaction between electrons. In this gauge,
both electric dipole and non-dipole interaction effects are
accounted for the HHG. As atoms are oriented in crystals,
here electric dipole effect is likely to dominate over non-
4FIG. 3. Circular dichroism effect on the dynamics of electron
excitation and electronic current. (a, d) Time evolution of the
number of electrons excited to the conduction bands and (b-
f) electronic current during the laser pulse. Panels (a-c) are
for laser polarization and crystal structure in the x-y plane,
while panels (d-f) are for the y-z plane. The laser wavelength
is 800 nm and intensity is 8× 1011 W/cm2.
dipole effects in the chiral contribution[57, 58].
As the applied laser wavelength is much larger than the
relevant atomic dimensions, long-wavelength approxima-
tion is adopted in the TDDFT calculations. As such, any
spatial dependence of the field is neglected in the simu-
lations, i.e., A(r, t) → A(t). Then the field is spatially
uniform at any time instant rather than really propagat-
ing along the wave vector direction that would require
A(ωt− k · r) satisfying the wave equation and depending
on both space and time coordinates. This means that
the field vector of the circularly polarized light in the
simulations, instead of screwing in the 3D space, rotates
only in the polarization planes, which are 2D planes per-
pendicular to the propagation axis. Consequently, the
aforementioned chiroptical response is limited to this 2D
effect. Nevertheless, the above results unambiguously
demonstrate that 2D structural chirality can be probed
using circular dichroism of HHG in solids. Therefore, the
chiral HHG spectroscopy is directly applicable to study
atomically thin 2D chiral crystals such as tellurene[59].
Moreover, the results also imply crystal’s 3D structural
chirality can be probed by this method. Thus, CD sig-
nals of HHG in tellurium crystals due to the helical lat-
tice structure along the z-axis can be expected in real
experiments. This may provide an alternative approach
to identify the handedness of elemental crystals such as
FIG. 4. Chiral response of high harmonic emission. (a)
Two enantiomorphic crystal structures of tellurium with space
groups P3121 (right handed) and P3221 (left handed) in the
y-z plane. Left- and right-handed circularly polarized (LCP
& RCP) lasers are also in the same plane. (b) Quantita-
tively evaluated circular dichroism (CD) signal from the enan-
tiomers for each harmonic order. The laser wavelength is 800
nm and intensity is 8 × 1011 W/cm2. CD signal as a func-
tion of harmonic photon energy for different (c) laser intensity
(with wavelength of 800 nm) and (d) laser wavelength (with
intensity of 8× 1011 W/cm2).
tellurium or selenium[60].
To further demonstrate the chiroptical response can be
attributed to the structural chirality, we compute the CD
signals from crystal structures of opposite handedness.
Figure 4(a) shows the atomic configurations of tellurium
crystal with the P3121 (right handed) and P3221 (left
handed) space groups in the y-z plane. Obviously, they
are non-superimposable mirror images to each other. The
5FIG. 5. Spin-orbit coupling (SOC) effect on HHG. (a) High
harmonic spectra and (b) CD signals obtained with (red) and
without (blue) considering SOC effect. The other simulation
parameters are the same with those in Fig. 2(f).
quantitative CD signal is defined as
CD =
IR − IL
IR + IL
, (4)
where IR and IL denote the peak harmonic intensity
for each harmonic order driven by the RCP and LCP
lasers, respectively. The obtained CD signal for differ-
ent harmonic orders is shown in Fig. 4(b). The CD
asymmetry reaches up to 50%, much larger than that
in molecules[6, 8]. When the crystal structure is right-
handed, more harmonic orders show stronger intensity
driven by RCP lasers than by LCP lasers. Switching the
handedness of crystal reverses this effect. The CD signal
shows a perfect mirroring between the two crystals of op-
posite handedness, proving that the chiroptical response
is indeed due to the structural chirality of the tellurium
crystal.
We also plot a set of CD signal data recorded at dif-
ferent driving laser intensities in Fig. 4(c). We see the
change of laser intensity only has a small impact on the
CD signals, in contrast to previous studies on chiral HHG
from gas molecules where CD signals show substantial
changes with a minor change of laser intensity[8]. This
result suggests in this parameter regime chiral electronic
dynamics taking place during the HHG process having
minor contribution to the observed chiral signals. In-
stead, effects originating from the static structure of the
crystals dominate the chiroptical response. In compari-
son, the dependence of CD signal on laser wavelength is
relatively more sensitive, as shown in Fig. 4(d), imply-
ing an increased contribution from electronic dynamics.
Thus both static structure and dynamic effects can con-
tribute to the CD signal.
Finally, we address the effect of spin-orbit coupling
(SOC). Previous studies suggest that SOC effect could
play an important role in the electronic properties of tel-
lurium and trigger exotic electromagnetic effects[61, 62].
We have carried out additional simulations with SOC ef-
fect included and other parameters the same as those in
Fig. 2(f). Figure 5(a) shows the peak harmonic inten-
sity is lowered as compared to that without SOC, while
the presence of harmonic orders remains the same since
it is determined by the lattice symmetry. Figure 5(b)
shows significant CD signal is still induced when SOC
effect is considered, albeit may with a different value for
each harmonic order. As in the present work we focus
on lattice structural chirality, the SOC effect would not
change our main conclusion qualitatively that structural
chirality of crystals can lead to CD effect in HHG from
the material. Studying influence of electronic and spin
structures in tellurium on HHG would be an interesting
future work.
VI. CONCLUSIONS
In conclusion, we demonstrate through ab initio
TDDFT calculations that chiral HHG can be induced
from interaction of circularly polarized lasers with chi-
ral crystals. While the allowed harmonic orders reflect
the lattice symmetries, CD signals of harmonic intensity
shed light on the structural chirality. It is worth noting
that there exists different phases for 2D tellurene (atomi-
cally thin tellurium), e.g., the α-, β-, γ-, and δ-phase[63].
As the different phases of tellurene exhibit different sym-
metries and chirality, the circularly polarized HHG spec-
troscopy is also potentially useful for characterizing the
phases and phase transition dynamics of this emerging
2D material.
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